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1. Introduction

Chemical vapor deposition (CVD) has been recognized as a
versatile and robust method to synthesize carbon nanotubes
(CNTs) and carbon nanofibers (CNFs) on different substrates [1].
Considering the variety of applications in which CNTs can be
exploited due to their outstandingmechanical, optical, electrical
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and electrochemical properties [2], remarkable attention has
been paid to CVD as a facile and reliable synthesis method of
this material [3]. Basically, CVD uses a controlled atmosphere
containing a carbonaceous species at a suitable temperature to
decompose the carbon precursor on a catalytic surface and
subsequently, by supersaturating the catalyst particle, makes the
extra carbon to precipitate in a certain crystalline form, namely,
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graphite [4]. In this regard, proper preparation of the catalyst
layer on the surface of the substrate to be covered by CNTs is a
vital step. Accordingly, the availability of substrate materials
showing catalytic activity for CNT synthesis translates into an
effective facilitation of the synthesis by elimination of a crucial
step, namely, catalyst preparation, and therefore, to economic
justification as well [5]. From this standpoint, stainless steel, as
an economicmaterial with a high content of iron as the catalyst
for CNT synthesis, is an interesting candidate. In fact, several
groups have conducted research on direct growth of CNT on
stainless steel [6–23]. Generally, the interest behind this area
of research is multiple, including electrodes for supercapac-
itors [24–26], sensor technology [27–30], fuel cells [31,32],
batteries [33], catalyst support for wastewater treatment [10],
field emission probes [34–38] and low friction applications
[39–41]. Obviously, many of these applications are related to
electrochemical performance of a stainless steel/CNT electrode
or, in any instance, may imply exposure to aggressive environ-
ments. Accordingly, the investigation on the corrosion behavior
of such materials is a necessary step to confirm their viability
for those applications. However, to the best of the authors'
knowledge, an in-depth study on the corrosion response of
stainless steel/CVD grown CNT has not been performed yet.

Thiswork thus aims to explore the changes in the substrate
caused by the CNT growth which thenmay affect its corrosion
behavior, as expected in view of the well-established vulner-
ability of stainless steel to corrosion upon high temperature
exposure to carbon rich environments [42–45]. More precisely,
this work is intended to investigate the corrosion behavior of
316 stainless steel coated with different types of filamentous
carbonmaterials, namely, CNT and CNF, directly grown on the
substrate by CVD method. Since these types of conductive
carbon do not form a dense and compact layer, the occasion is
offered for studying the effects of CNT/CNF growth conditions
on the corrosion behavior of stainless steel. Electrochemical
testing for corrosion assessment was conducted under condi-
tions simulating the working environment of bipolar plates
(BPs) in polymer electrolyte membrane fuel cells (PEMFCs)
[31]. Actually, the highly corrosive environment in which BPs
should work, namely high acidity and relatively high temper-
ature,makes this instance stand out as an upper limit in terms
of the severity of the corrosion conditions within the afore-
mentioned applications. Hence, any possible weakness of the
system which could not possibly appear in milder corrosion
conditions was more likely to be revealed herein.
Table 1 – CNT growth process cycle in the CVD reactor.

Steps Temp (°C) Duration (min) Atmosphere

1. Heat-up 25 to 760 49 N2 (100 sccm)
H2 (6 sccm)

2. Stabilization 760 10 N2 (100 sccm)
H2 (6 sccm)

3. Growth 760 20 N2 (100 sccm)
H2 (6 sccm)
C2H4 (20 sccm)

4. Cool-down 760 to 25 140 (approximately) N2 (100 sccm)
H2 (6 sccm)
2. Experimental

2.1. Growth of CNT and CNF on Stainless Steel

Stainless steel (type 316) plates of the size 15 × 15 × 1 mm
were used as the substrate. Careful cleaning, including 10 min
sonication in acetone and 10 min sonication in distilled water
followed by nitrogen drying, was applied to all samples to
remove organic and inorganic contaminants. Then, samples
were transferred to the CVD reactor.

The synthesis procedure of CNT/CNFs on 316 SS was de-
scribed in detail in earlier works [6]. Briefly, filamentous
carbon was directly grown on the surface of 316 SS in a CVD
reactor by catalytic decomposition of ethylene (C2H4). The 316
SS substrate catalyzes ethylene decomposition at the process
temperature of 760 °C, so that it was used without the depo-
sition of any additional catalyst. A quartz tube (diameter =
20 mm) heated in a horizontal tubular furnace was used as
the CVD reactor. Reactive and carrier gases were delivered to
the reactor through mass flow controllers. For CNT growth,
the tube was primarily purged with a mixed flow of nitrogen
and hydrogen to reduce the surface oxide during the tem-
perature ramp-up to 760 °C. After stabilization of the temper-
ature, ethylene was introduced to the reactor. Flow rates of N2,
H2 and C2H4 during the growth step were 100, 6, and 20 sccm,
respectively. The detailed process cycle for the growth of CNT
is described in Table 1. In the case of CNF growth, the first step
was the oxidation of the steel substrate in air, without any
control by shielding or reducing gases. The furnace temper-
ature was ramped up to 800 °C for oxidation and then reduced
to 760 °C. After purging the reactor with nitrogen to remove
air, a reduction step followed under mixed flow of hydrogen
and nitrogen for 30 min. The CNF growth step was finally
performed under the same flow rate conditions as for
CNT. The detailed process cycle for the growth of CNF is
described in Table 2. The mass gain of the samples (hereafter
referred to as deposited carbon) was calculated from the mass
difference before and after the CVD treatment by using a
Sartorius M2P electronic microbalance with an accuracy of
0.001 mg.

Finally, to study the effect of the CVD process temperature
on the electrochemical behavior of the sample in the absence
of any carbonaceous gas, a series of 316 SS samples were
treated in the tubular furnace under the same thermal and
atmospheric conditions mentioned in Table 1 for CNT growth,
but without ethylene admission.

2.2. Electrochemical Characterization and Corrosion Tests

The corrosion behavior of coated and uncoated samples was
studied by performing potentiodynamic and potentiostatic
tests, using a standard three-electrode cell set-up, in 1 M
H2SO4 + 2 ppmHF solution, at 80 °C. As the working electrode,
different samples were used, namely, the bare as-received 316
SS, nitrogen heat treated 316 SS (SS-NH) and CNT or CNF
coated 316 SS. A platinum coated titanium sheet was used as
the counter electrode and a saturated calomel electrode (SCE)
as the reference electrode. Electrochemical tests were con-
ducted using a ModuLab system (Solartron Analytical).



Table 2 – CNF growth process cycle in the CVD reactor.

Steps Temp (°C) Duration (min) Atmosphere

1. Heat-up 25 to 800 52 Air (atm. pressure)
2. High temp. oxidation 800 10 Air (atm. pressure)
3. Nitrogen purging & stabilization 760 15 N2 (200 sccm)
4. Reduction 760 30 N2 (100 sccm)

H2 (50 sccm)
5. Growth 760 20 N2 (100 sccm)

H2 (6 sccm)
C2H4 (20 sccm)

6. Cool-down 760 to 25 140 (approximately) N2 (100 sccm)
H2 (6 sccm)
Potentiodynamic experiments were performed in the poten-
tial range from −0.5 to 1 V vs. SCE at a scan rate of 1 mV s−1 in
deaerated electrolyte saturated with nitrogen. Potentiostatic
tests were carried out at potentials of −0.1 V and 0.6 V vs. SCE
in anH2 or O2 saturated electrolytes, respectively, in the attempt
to simulate the polarization conditions of the cathode and
anode in a real fuel cell system [46–48]. Before each experi-
ment, samples were left immersed in the electrolyte for 60 min
to allow equilibration with the corrosive environment. Open
circuit potential (OCP) measurements in all cases showed a
steady trend.

2.3. Microstructural Characterization

In order to identify the compounds present or formed at
the surface or near surface region at different processing steps,
the crystal structure of as-grown and corroded samples was
studied by grazing incidence X-ray diffraction (XRD) technique
with a 1830 PW Philips X-ray generator, equipped with a PW
3020 Philips goniometer and a PW 3710 Philips control unit.
The radiation used was Cu Kα, with a scan step time of 0.50 s
and a step size (2θ) of 0.02° with the sample in the thin film
geometry arrangement at 0.5° glancing angle and rotating
detector. The same instrument was used to study the as-
received samples in Bragg–Brentano geometry.

Microstructural characterizations of as-received, as-grown
and corroded samples were carried out by scanning electron
microscope, SEM, using either a Zeiss EVO 50 EP equippedwith
energy dispersive X-ray, EDX, or a Stereoscan 360 Cambridge
SEM instrument.
Fig. 1 – SEM micrographs of as-grown sam
3. Results and Discussion

3.1. Microstructural Characterization

Fig. 1a and b presents SEM micrographs of CNT and CNF
samples directly grown on the stainless steel substrate, re-
spectively. It is seen that CNTs are thin and their diameter size
does not vary in awide range. However, the presence of a small
fraction of CNFs can be seen as individual filaments of larger
diameter. Small catalyst particles can also be observed on the
tips of CNTs as tiny bright spots. The morphology of these
nanoparticles as well as the multiwalled carbon nanotubes
(MWCNTs) grown on 316 SS was investigated by transmission
electron microscopy, as reported elsewhere [6]. From the ob-
servation of a population of CNTs, it is confirmed that the
number of walls is about 25 to 30, with an inner diameter of
10 ± 2 nm and an outer diameter of 40 ± 10 nm. CNFs, in con-
trast, show a range of diameter size, from 60 to hundreds of
nanometers, and are characterized by the presence of a large
number of catalyst particles at the tip of the filaments. The
deposited carbon mass was measured to be 0.5 mg cm−2 for
CNTs and 2–4 mg cm−2 for CNFs. The CNF carpet was quite
thick (10–30 μm)while theCNT onewasmuch thinner (1–3 μm).
Although individual CNTswere as long as severalmicrometers,
their entangled arrangement did not result in the formation of a
thick layer.

Fig. 2 shows the XRD patterns of different samples. XRD
pattern of pristine 316 SS reveals the peaks of austenite, as
expected. Moreover, weak reflections of a thin surface oxide
ples showing (a) CNTs and (b) CNFs.
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Fig. 2 – XRD patterns of as-received and as-grown samples.
film are recognized. The pattern marked as “CNT” refers to a
CNT coated 316 SS sample and in fact shows the characteristic
peaks of the austenite phase and the peaks of hexagonal
graphite at 2θ values of 26.09° and 44.57°, corresponding to
the (002) and (101) reflections. The pattern labeled “CNF” in
Fig. 2 refers to a CNF coated 316 SS sample. More intense
graphite peaks in CNF sample can be related to both the much
higher mass of deposited material and the structure of CNF,
with graphene platelets perpendicular to or inclined at a
small angle to the fiber axis, forming “stacked” or “herring-
bone” structures, respectively [49]. In addition to filamentous
carbon, it can be inferred from the XRD patterns that the high
temperature synthesis in the presence of ethylene resulted
also in the formation of chromium and iron carbides — the
latter more obvious for the case of CNF growth. In this respect,
it may be inferred that the surface modifications caused by
the oxidation–reduction pretreatment used for CNF synthesis
resulted in an enhanced formation of iron carbide. Actually, at
variance with CNT samples, XRD pattern of CNF samples
showed relatively strong reflections of chromium and iron
oxides.

In the event that Fe3C and possibly other carbide particles
were trapped in theCNT/CNF layers, as itmaybe inviewof their
potential involvement in the mechanism of carbon nanotube
and fiber growth [50–57], an attempt was made to separate the
possible contribution of carbide particleswithin the layer, e.g. at
the tip of carbon filaments, from those due to substrate carbu-
rization. For this purpose, the carbon layer was removed by
gently shaving the surface with a plastic blade, followed by
mild cleaning of the stainless steel surface with a tissue. This
procedure was used for both CNT and CNF samples in order to
perform the XRD analysis on the stripped substrate after
exposure to the CVD processing environment. The absence of
graphite peaks in the patterns labeled “Stripped” in Fig. 2
confirms that the carbon layer was effectively removed from
the substrate, though, as revealed by SEM surface micrographs
of the samples in Fig. 3, a small amount of filaments remained
in the grooves, but apparently could not be detected by XRD. A
further remark is that while chromium carbide was still
detected after stripping of the CNT layer (see pattern “CNT
Stripped” in Fig. 2), iron and chromium carbide reflections
disappeared from the XRD pattern of the CNF sample. Hence,
notwithstanding the possibility of the presence of traces of
carbide in the CNT Stripped sample – undetectable by XRD due
to the low amount or the masking effect of a surface oxide –
it can be safely concluded that the Fe3C formed during the
synthesis of CNF was to a large extent incorporated within the
carbon layer in the form of particles on the tip of filaments,
which is in good agreement with the SEM observations (Fig. 1b).

3.2. Electrochemical Behavior

3.2.1. Potentiodynamic Tests
Fig. 4 shows potentiodynamic curves for the different sam-
ples in deaerated 1 M H2SO4 + 2 ppm HF electrolyte at 80 °C.
The potentiodynamic curves show obvious and marked dif-
ferences. As a preliminary remark, it can be noticed that
there were only relatively small changes in the free corrosion
potential for coated samples, compared to the bare substrate
(E = −0.328 V vs. SCE for bare 316 SS, E = −0.325 V vs. SCE for
SS-NH, E = −0.314 V vs. SCE for CNT on 316 SS sample and
E = −0.280 V vs. SCE for CNF on 316 SS sample). The observed
corrosion potential is apparently the potential resulting from
the coupling of the hydrogen reduction and iron oxidation
reactions, irrespective of the presence of the filamentous car-
bon coatings and the surface modifications of the substrate
during the growth process. This observation can be under-
stood in the light of the porous nature of the layers. The slight
higher value measured for the CNF sample is probably related
to the oxidation of the surface, as revealed by XRD.



Fig. 3 – SEM micrographs of 316 SS substrates stripped from (a, b) CNT and (c, d) CNF.
The Tafel extrapolation method [58] was used to calculate
the corrosion current density (c.d.). The c.d. derived from this
method is higher for both the CNT and CNF coated samples
compared to that of the bare steel, namely: about 15 × 10−4, and
20 × 10−4 A cm−2, compared to 5 × 10−4 A cm−2, respectively.
Moreover, over almost all the anodic region above the free
corrosion potential, coated samples show a much higher
anodic c.d. which is indicative of high susceptibility to
corrosion. In this regard, at both potentials of −0.1 V and 0.6 V
Fig. 4 – Potentiodynamic curves of 316 SS, 316 SS + CNT, 316
SS + CNF and SS-NH samples in 1 M H2SO4 + 2 ppm HF
solution at 80 °C. (For interpretation of the references to color
in this figure, and other color containg figures, the reader is
referred to the web version of this article.)
vs. SCE, corresponding to the anodic and cathodic polarizations
of BPs, respectively, thesematerialswill be liable to rapid attack.

Interestingly, the anodic c.d. of SS-NH in the passive region
lies between that of the pristine 316 SS and those of CNT/CNF
coated samples. This increase of the dissolution rate in the
passive potential region obviously points to the susceptibility
of SS to sensitization [59] upon exposure to the high tem-
perature of CNT growth, independently of the presence of a
carburizing environment. However, the increase of the c.d.,
though remarkable compared to bare 316 SS, is still far below
the high anodic c.d. of CNT/CNF coated samples, suggesting
that the carburizing atmosphere strongly aggravates the effects
of heat treatment in CNT/CNF coated samples.

3.2.2. Potentiostatic Tests
The electrochemical behavior was further characterized by
performing potentiostatic experiments, see Fig. 5, under con-
ditions similar to those used to simulate anodic and cathodic
environments in polymer electrolyte fuel cells, i.e., in 1 M
H2SO4 + 2 ppm HF electrolyte, saturated with H2 or O2 and at
−0.1 V or 0.6 V vs. SCE, respectively, at 80 °C. For the sake of
brevity, these will be referred to in the following as anodic and
cathodic conditions or environments.

The results of the potentiostatic test under anodic con-
ditions are presented in Fig. 5a, also for a stripped sample
along with bare stainless steel, and CNT or CNF coated 316 SS
samples. The anodic c.d. of the bare 316 SS decays rapidly at
the beginning reaching a value in the range of 10−5 A cm−2

after 1000 s. A steady state is then established, followed by a
slow gradual decrease of the c.d. through an oscillating be-
havior and a faster reduction after about 10000 s, when the c.d.
decreases down to about 10−6 A cm−2 (level 1 in Fig. 5). CNT or
CNF coated samples, as well as the corresponding so-called
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Fig. 5 – Potentiostatic curves of 316 SS, 316 SS + CNT and 316 SS + CNF samples in 1 M H2SO4 + 2 ppm HF solution at 80 °C,
(a) saturated with H2, at −0.1 V vs. SCE, and (b) saturated with O2, at 0.6 V vs. SCE.
stripped samples, show c.d. almost three orders of magni-
tude higher, in the range of 10−3 A cm−2, with minor but
significant differences. Namely, two different levels of
dissolution c.d. can be observed: for the CNT coated and
stripped samples (level 2 in Fig. 5); and for the CNF coated
sample (level 3 in Fig. 5).

Fig. 5b shows the results of potentiostatic tests for the
cathodic environment. The general behavior of the samples is
similar to that observed in the anodic environment, meaning
that there are three different levels of c.d., the lowest referring
to pristine 316 SS (in the range of 10−6 A cm−2), and orders of
magnitude higher values for both coated samples. The highest
c.d., about 2 × 10−3 A cm−2, is found for the CNF on 316 SS
sample (level 3), while the CNT on 316 SS sample stands
somewhat lower at about 5 × 10−4 A cm−2 (level 2). SS-NH
samples subjected to potentiostatic tests (not shown here)
confirmed the behavior revealed by the potentiodynamic
polarization; namely, a steady dissolution c.d. of about 1.5 ×
10−5 A cm−2 and 8.0 × 10−5 A cm−2, respectively under the
conditions simulating the cathodic and anodic environments,
was observed for the SS-NH sample.
3.3. Microstructural Characterization After Potentiostatic
Tests

The effects of potentiostatic polarization tests were looked
into by performing XRD and SEM characterizations of the
samples. XRD patterns of as-prepared and stripped CNT and
CNF samples on 316 SS after testing under anodic conditions
are collected in the graph of Fig. 6.

CNF sample which had the maximum amount of filamen-
tous carbon shows depressed peaks of graphite even after
corrosion, which means that in some areas the CNF carpet still
remains on the surface. The CNT sample, however, seems to
have lost almost the entire CNT layer. Furthermore, XRD results
indicate that oxides (typically Cr2O3 and Fe3O4) formed at the
surface of all these samples. Apparently, the oxidation was
stronger on the unstripped CNF corroded sample, particularly
due to the formation of Fe3O4. Significantly, the Fe3C phase
disappeared after anodic testing, suggesting the formation of
iron oxide by dissociation of the carbide under the aggressive
corrosion conditions [60]. In support of the latter view is the
observation that only CNF samples showed clear evidence of
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Fig. 6 – XRD patterns of corroded samples.
the presence of Fe3C. Besides, since the Fe3O4was found only on
the surface of unstripped samples, the Fe3C source responsible
for its formation had to be already present in the CNF layer.

In the light of the XRD results of corroded samples, the
behavior observed under potentiostatic polarization can be
explained inmore detail. The about three orders of magnitude
increase of the c.d. (so called level 2) compared to pristine 316
SS (level 1) is mostly related to the effect of the carburization
of the steel substrate on its corrosion resistance. Further
evidence in this respect is given in the following section. A
further increase in the dissolution c.d. (level 3) is mainly
caused by the oxidation of the Fe3C incorporated in the CNF
layer over the 316 SS substrate. Though the presence of
oxidizable particles in the CNT layer cannot be ruled out, it is
reasonably assumed, according to SEM results (Fig. 1a), that
their overall mass, and consequently their contribution to the
c.d. during potentiostatic tests, was negligible. Accordingly,
the c.d. for CNT sample corrosion remains at level 2 and only
CNF sample with a significant amount of iron carbide and
possibly metal particles trapped in the layer (Fig. 1b) will show
higher c.d. (level 3).

SEM micrographs of 316 SS after potentiostatic test in
simulated anodic environment are shown in Fig. 7. Although
Fig. 7 – (a) SEM micrograph of 316 SS after 10000 s potentiostatic
magnification of (a).
strong, the electrochemical attack was homogeneous and
uniform all over the surface and local deep attacks could not
be observed.

Fig. 8 shows the SEM micrographs of CNT on 316 SS
after 10000 s potentiostatic corrosion test under the anodic
environment conditions. Fig. 8a shows a general view of the
surface of the sample with three different areas highlighted:
in area 1, the boundary between corroded and uncorroded
regions; in area 2, the surface of the substrate beneath the CNT
layer; and in area 3, a severely damaged region with evidence
of penetrating intergranular attack and grain removal from
the substrate. From the magnified view of area 1 in Fig. 8b, the
accumulation of corrosion products within the CNT layer is
apparent. The substrate beneath the CNT layer (area 2, shown
in Fig. 8c) exhibits obvious features due to preferential attack at
grain boundary and in fact, locally, grain removal. A magnified
view of area 3 is shown in Fig. 8d, with highlighted regions “e”
and “f” presented in Fig. 8e and f, respectively. The presence of a
layer of corrosion products can be noticed on the surface of the
grains, within the area where grain removal has not occurred
yet (like the one marked as “f” in Fig. 8d). This is a porous and
relatively thick layer apparently enveloping the grains, thus
allowing for a comparatively faster intergranular attack and the
ensuing grain removal. Besides, this film, which forms below
the CNT layer, is likely responsible for the loss of adhesion of
the CNT layer and its progressive detachment from the surface.
The appearance of the grains in the damaged area (like the
onemarked as “e” in Fig. 8d) can be understood as a result of the
relatively slow formation of the surface layer following the
detachment of grains.

Fig. 9 shows the SEM micrographs of a CNF sample after
10000 s potentiostatic corrosion test under the anodic envi-
ronment conditions. As can be seen in Fig. 9a, the three regions
characterizing the effects of corrosion on the CNT sample are
present also in this sample. However, an extra layer marked
as “0” is noticed here which did not form in the case of CNT
coated sample. This layer, which appears rather thick and
exhibits a kind of spongy morphology, is therefore a type of
corrosion product only found over the CNF layer. Magnified
view of this region (Fig. 9b) shows individual grains obviously
removed from the stainless steel substrate and trapped with-
in the layer. Referring to the large number and size of the
nanoparticles present in CNF and absent in CNT samples, it
is quite likely that layer 0 is formed by oxidation of those
particles. Fig. 9c shows the CNF layer (layer 1) below the
test under anodic environment conditions, (b) higher



Fig. 8 – SEM micrographs of “CNT on 316 SS” sample after 10000 s potentiostatic corrosion test under the anodic environment
conditions showing three different zones and different magnifications of each zone.
topmost corrosion products (layer 0). The substrate beneath
the CNF carpet is seen in Fig. 9d in which grain removal and
surface oxidation can be recognized. The areamarked as “e” in
this image shows an already detached group of grains which
are magnified in Fig. 9e. The region marked as “f” in Fig. 9d
concentrates on a sub-layer beneath the removed grains
(area 3) and, as can be seen in the magnified view (Fig. 9f), it
possesses a cleaner surface compared to the primary layer
right below the CNF carpet. However, surface oxidation
and formation of feather like oxides on this sub-layer is
obvious. Finally, the corrosion products formed on the
primary surface beneath the CNF carpet (Fig. 9g) shows
similar characteristics to the same area (i.e., area 2) of CNT
sample.

In order to confirm the hypothesis pointed out above, a
detailed microstructural analysis was also conducted on one of
the stripped samples after potentiostatic test. Fig. 10 shows
the SEM micrographs of a CNT sample, stripped and subjected
to potentiostatic corrosion test during a duration of 10000 s,
under the anodic environment conditions. Both images of
secondary and back-scattered electrons (Fig. 10a and b, respec-
tively) reveal the same features as observed in Figs. 8 and 9 for
regular samples. Darker areas in Fig. 10b suggest the formation
of oxides. For amore precise evaluation of element distribution,
EDS analyses were conducted in three zones as indicated in
Fig. 10c. Zone 1 is the top layer of corrosion products formed on
the surface that was marked as area 2 in Figs. 8 and 9. Zone 2
indicates a region where the corrosion film of zone 1 was
removed but not the grains. Zone 3 represents a region where
the topmost layer of grains was removed and grains from the
sub-surface layers are appearing (area 3 in Figs. 8 and 9). Fig. 10d
shows the EDS analysis results for elemental distribution of
these three regions. As expected, region 1 shows the highest
contents of chromium, carbon and oxygen and the lowest
iron content. These results, accompanied by the information
provided from XRD patterns, suggest that this layer is mainly
composed of iron and chromium oxides. Moreover, the rela-
tively high carbon content detected by EDS in combination
with the identification of Cr23C6 peaks in XRD patterns, dem-
onstrates the presence of chromium carbide in this region.



Fig. 9 – SEM micrographs of “CNF on 316 SS” sample after 10000 s potentiostatic corrosion test under the anodic environment
conditions showing four different zones and different magnifications of each zone.
Region 2 shows amuch lower carbon content while the oxygen
is still high, suggesting that oxidation is still considerable in
this region. Region 3, which stands for the sub-layer beneath
the removed grains, shows the lowest oxygen and highest
iron content demonstrating the gradual decrease in oxidation
intensity toward thedepth of the sample. As a further remark, it
is noted that the carbon content is not much decreased
compared to region 2 as an indication of its penetration into
the steel.
To further assess the type and intensity of the corrosion
attack, the stripped CNT sample was sectioned before and after
anodic potentiostatic test,mounted and etchedwithNital 2%and
subjected toSEMandEDSanalyses. Since316SS cannot be etched
withNital 2% innormal condition, any probable etchingwould be
a sign of carbide compounds formation. Fig. 11a shows the cross
section SEM micrograph of the uncorroded, Nital etched sample
which reveals a grain boundary etching down to the depth of
about 50 μm. Fig. 11b shows the sample after potentiostatic test
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withoutmetallographic etching. It is seen that the characteristics
of intergranular corrosion including boundary dissolution and
grain removal are all present.

Fig. 12 shows the etched cross section of a stripped CNT
sample before corrosion test. As it can be seen in Fig. 12a, a
lamellar microstructure formed in the grain boundaries near
the surface. To assess the elemental characteristics of this
microstructure, a line scanwas performed frompoint A to point
B intersecting the lamellar structure. The results are presented
in Fig. 12b showing a local modest increase in the chromium
content and a decrease in the iron content with considerable
and almost constant carbon content inside and outside the
grain boundary. These observations reinforce the speculation
that due to a sensitization like phenomenon, chromiumcarbide
has been formed in the grain boundaries with a lamellar
structure resulting in localized and accelerated corrosion.
Fig. 11 – SEM micrographs of cross sectioned stripped 316 SS + C
(b) without etching after 10000 s of potentiostatic corrosion test u
According to the results of the above discussed microstruc-
tural observations, it can be concluded that during theCNT/CNF
synthesis process, the topmost surface layer of the stainless
steel substrate undergoes carbon saturation and probably
carbide formation leading to CNT/CNF growth on supersat-
urated sites [4,50]. However, carbon can diffuse quite deep
in the bulk and, of course, this diffusion would be acceler-
ated through shortcut paths, namely, grain boundaries.
These high carbon content regions would encourage chro-
mium carbide formation in specific areas such as grain
boundaries during cooling down in a quite similar way to
what happens during sensitization of austenitic stainless
steels [59]. Consequently, the areas depleted from chromi-
um due to carbide formation will lose their corrosion
resistance and will undergo rapid attack. Grain boundaries
as themost likely places for chromium carbide precipitation
NT samples (a) etched with Nital 2% before corrosion test and
nder the anodic environment conditions.
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Fig. 12 – (a) SEM micrograph of an etched (Nital 2%) cross
section of a stripped CNT sample before corrosion test and
(b) EDS line scan results from point A to point B.
would experience the fastest corrosion rate resulting in
intergranular corrosion and grain removal [61–64]. This kind
of strong corrosion can be acknowledged as responsible for
the large difference between dissolution c.d. of levels 1 and
2 in potentiostatic curves (Fig. 5). Since level 1 represents
the corrosion rate of untreated 316 SS and level 2 represents
the corrosion rate of carbon treated sample, the difference
should be caused by “accelerated” intergranular corrosion.
The dissolution c.d. of the sample heat treated in nitrogen,
in the absence of carbonaceous gas, supposedly susceptible
to normal sensitization of austenitic SS, lies well below
the so-called level 2. Level 3 adds up the effects of both
intergranular corrosion and oxidation of carbide and possi-
bly metal particles trapped in the CNF layer.
4. Conclusions

CNT/CNF coatings were synthesized directly on 316 SS by CVD
method without any external catalyst. The corrosion behavior
of the prepared materials was investigated under simulated
anodic and cathodic working conditions of BPs of PEMFCs.
Based on the electrochemical and microstructural results,
general corrosion behavior of such materials can be summa-
rized as follows:

1- Potentiodynamic results show similar free corrosion po-
tential for 316 SS, 316 SS + CNT and 316 SS + CNF samples
confirming that the porous carbon layers cannot provide a
barrier type protection. The three samples, 316 SS, 316
SS + CNT and 316 SS + CNF, showed corrosion current
density of about 5.0 × 10−4, 15 × 10−4 and 20 × 10−4 A cm−2,
respectively.

2- Potentiostatic results showed three different levels of
stabilized dissolution c.d., the lowest of which (level 1)
was for pristine 316 SS. The first increase in dissolution
c.d. (to level 2) was related to the activation of intergran-
ular corrosion; the final increase in the dissolution c.d.
(level 3) observed only in 316 SS + CNF sample was related
to the oxidation of large catalyst particles on the tips of
CNFs.

3- Based on XRD, SEM and EDS results, corrosion products
are mainly chromium and iron oxides. Iron carbide
formed during CNF synthesis, and possibly also during
CNT synthesis, though to amuchminor extent, appears to
undergo dissociation under strong acidic attack resulting
in the oxidation of iron. On the other hand, chromium
carbide formed during CNT/CNF synthesis seems to be
stable, and can be observed in the XRD patterns after
corrosion.

According to all above, it is concluded that the applica-
tion of CNT or CNF coatings on sensitizable stainless steel
by CVD direct growth method is not beneficial in terms of
corrosion resistance. Since no evidence was observed sug-
gesting the presence of a passive film, application of high
temperature carbon coatings could be risky even for dense
and non-porous layers especially for portable and transporta-
tion applications which are subject to mechanical shock and
possible coating damage. Investigations on the growth of
CNTs on heat resistant stainless steels such as high chromi-
um content grade 310 and duplex stainless steels or stabilized
grades 347 and 321 should be considered as a future research
direction, to face the risk of severe damage of the base ma-
terial due to carburization. Grade 310 or duplex stainless steel
with high chromium content and consequently lower likeli-
hood of grain boundary chromium depletion are supposed
to provide better resistance against sensitization [65–67].
Moreover, stabilized grades 347 and 321 with strong carbide
forming additives such as titanium, niobium, or tantalum,
could further reduce the risk of sensitization and intergran-
ular corrosion [68].
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